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The anodic dissolution of molybdenum in 1.0 N HNO 
3 
(pH= 0.3), 0.1 N HNo3 -0.9 N KN0 3 (pH= 1.2), and 0.01 N 
HNo 3 -0.99 N KNo 3 (pH = 2.1) was investigated. The 
following conclusions were possible: 
1. Mo is in general electrochemically oxidized to 
the Mo-VI state during anodic dissolution. 
2. The resultant ions in solution are HMoo4 • 
3. The Mo surface in aqueous solutions is covered 
with an oxide whose approximate composition is Mo 2o5 . 
4. The polarization curves have a linear Tafel 
region at potentials slightly above the rest potential. 
5. There is no significant effect of pH on the 
anodic dissolution. 
6. The anodic dissolution is controlled by the 
oxidation of the surface oxide (Mo 2o 5 ) to Moo 3 . 
iii 
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a = Activity 
A= Atomic weight of molybdenum= 95.94 gm 
Em = Potential difference between reference and molybdenum 
electrode (electrometer reading), volts 
E+ = Ere£ = Potential of Hg/Hg 2so4 (1.0 N H2so4 ) reference 
electrode = 0.67 volts (SHE) 
E_ = EMo = Potential of the molybdenum electrode, volts 
F = Faraday constant= 96,486 coulombs/gm-equiv 
i = Current density, amp/cm2 
I = Current, amps 
K = Constant 
n = Normal cationic charge of molybdenum = +6 
R = Gas constant = 8.314 joules/gmol~K 
t = Time, sec 
T = Temperature,°K 
v = Potential, volts (SHE) 
We - Calculated weight loss, gm 
We = Experiment weight loss, gm 
Zi - Apparent valence 
e = Fractional surface coverage 
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I. INTRODUCTION 
Molybdenum has a variety of stereochemistries as 
well as several oxidation states whose chemistry is 
perhaps among the most complex of the transition elements. 
These have led to some confusion and contradictory infor-
mation concerning the corrosion behavior of the metal. 
It is rather inert chemically at ordinary temperatures, 
and is not readily attacked by acids. Details concerning 
the anodic dissolution in nitric acid are still unknown. 
The purpose of this investigation was to study the 
anodic dissolution of molybdenum in nitric acid to 
determine the apparent valence of Mo ions going into 
solution and to determine the effects of potential, pH, 
and No; concentration on the reaction. 
2 
II. LITERATURE REVIEW 
Molybdenum (atomic number 42) is a member o£ group 
VI of the periodic table. It is a mechanically strong 
metal and has an electrical conductivity about one-third 
that of copper. Chemically~ it exhibits valences from 
two to seven and its maximum coordination number is 
eight. 
Molybdenum is, in general, chemically inert at ordi-
1 2 
nary temperatures ' , but is attacked slightly by dilute 
non-complexing acids such as nitric acid. It does not 
dissolve appreciably in non-oxidizing acids, probably due 
to its appreciable hydrogen overpotential. It has been 
reported that concentrated nitric acid initially attacks 
molybdenum, but that the metal surface soon becomes cover-
ed with a layer of MoO which prevents further attack2 . 
3 
3 This is contrary to reports by Acherman and co-workers 
who found that molybdenum becomes susceptible to moderate 
attack in nitric acid at 35°C when the concentration 
reaches 1 N. In 6 N nitric acid, the molybdenum speci-
mens dissolved in a few hours. An autocatalytic effect 
of molybdenum ions on the corrosion rate was suggested. 
The passivation of molybdenum has been reported 2 to 
depend on the pretreatment of the metal. Passivating 
reagents include oxidizing agents such as nitric acid, 
concentrated chromic acid, and ferric chloride, as well 
as dilute hydrochloric and sulphuric acids. The highest 
degree of passivity was obtained by anodic polarization 
under certain conditions of current density. In alkaline 
media, molybdenum was constantly active and dissolved as 
molybdate ions Moo4 while in acid media it dissolved as 
3+ Mo at relatively low electrode potentials and covered 
itself with a passivating layer of Moo2 or Moo3 at higher 
potentials. 
It has also been reported that molybdenum dissolves 
in a mixture of concentrated nitric and hydrofluoric 
acids1 • Deaeration resulted in even more severe corrosion 
with traces of pinhole pitting. 
4 Besson and Drautzburg studied the anodic behavior 
of molybdenum and found the polarization curve continuous 
up to the highest current densities attained (about 100 
ma/crn2 ). semilogarithmic (Tafel) plots had linear sec-
tions. The shapes of the curves were independent of the 
electrolyte pH which determined only their position on 
3 
the potential scale_ Dissolved oxygen in the electrolyte 
was reduced by contact with molybdenum. Consequently the 
potential at zero current was much higher than the equi-
librium potential. 
5 Lavenko and Pen'kov studied the anodic oxidation 
of molybdenum in saturated boric acid solutions at cur-
2 
rent densities of about 50 rna/em and potentials up to 
200 volts. They found Moo2 and Moo 3 to be formed on 
the electrode surface. 
Pozdeeva6 studied the polarization of molybdenum 
and observed five distinct oxide phases. Their compo-
sitions and some of their properties are given in Table 
I. The lower oxides (bandY phases) had high electri-
cal conductivities. The composition region, Moo2 _9 -
Moo3 consisted of a mixture of the d and ~phases. Mo 
dissolved at an almost constant rate at high anodic 
potentials, forming a multilayered surface film. The 
outer layer consisted of the 0• p. and~ phases. The 
electrochemical properties of several Mo oxides were 
studied experimentally and found to be similar to the 
corresponding values calculated from thermodynamic prop-
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solutions was due to the l-oxide. Mo did not passivate 
in alkaline solutions. 
Heuman and Hauck7 studied the anodic dissolution of 
molybdenum and reported that the mechanism of molybdate 
formation in the pH range 0-14 did not alter and was 
independent of anions except for OH-. A black surface 
layer was identified as mainly Moo 2 . 
Chen and Chi8 ' 9 studied the anodic dissolution of 
molybdenum in H so4 -K so -KOH solutions. They suggested 2 2 4 
that its corrosion resistance was due to Mo 2o 5 which was 
formed on the metal surface very rapidly by reaction with 
H2o or OH • They also suggested that further oxidation 
formed Moo which either allowed dissolution or caused 
3 
passivation, depending on the media. Additions of Cl 
had no effect on the dissolution. The suggested disso-
1 . h . 8 ut~on mec an~sm was 
+ 
Mo 2o5 (s) - Mo 2o5 (s) + e 
Mo 
2 
0 5 + ( s ) + H 2 0 ( aq) - Mo 2 0 5 OH ( s ) + H + ( aq) 
+ Mo
2
o5oH(s) + Mo 2o 5 (s)--- Mo 4o11 (s) + H (aq) 
Mo 4o 11 (s)---- 2 Moo 3 (s) + Mo 2o 5 (s) 
Moo 3 (s) + H2o(aq)---- H2Moo4 (s) 









10 As for the oxides, Yntema and Percy have reported 
that Moo 2 is, in general, insoluble in non-oxidizing 
acids. It is oxidized by nitric acid to Moo . 
3 
In the 
presence of aerated water, Mo(OH) is easily oxidized to 
4 
form a solution of "molybdenum blue", a compound whose 
oxygen to molybdenum ratio is not certain but varies 
within the limits MoO to MoO and can be formed in 
2.5 3 
either acid or alkaline solutions by a partial reduction 
of Moo
3
• Molybdenum blue probably contains metal atoms 
in both the V and VI oxidation states which occupy metal 
sites in an oxygen-defective Moo3 lattice. 
7 
III. EXPERIMENTAL 
This investigation consisted of (1) the effect of 
current density and pH on the apparent valence of molyb-
denum undergoing anodic dissolution and (2) the polari-
zation behavior of molybdenum in nitrate solutions. The 
surface films formed during the experiments were examined 
by electron microscopic and X-ray diffraction techniques. 
All studies were made at 25°c. Lists of the materials 
and equipment are given in Appendices A and B. 
A. The Apparent Valence of Molybdenum Undergoing Anodic 
Dissolution 
1. Apparatus. The apparatus consisted of an elec-
trolysis cell with separated compartments of 300 milli-
liter capacity, a molybdenum anode, a platinum cathode, 
a decade resistance box, and a knife-blade switch, all 
connected in series with a d.c. power supply. A diagram 
of the apparatus is shown in Figure 1. A timer with 
one-second divisions was used for measuring time inter-
vals. The cell was immersed in a water-bath controlled 
2. Sample preparation. The cylindrial specimens 
for the apparent valence measurements were cut from a 
8 
A Variable resistance 
B - Milliammeter 
C - Power supply 
D - Nitrogen inlet 
E - Molybdenum anode 
F - Electrolysis cell 
G Constant temperature water-bath 
H - Platinum cathode 
I - Knife-blade switch 














Figure 1. Diagram of the apparatus used for the 
measurement of the apparent valence of molybdenum under-
going anodic dissolution. 
9 
10 
molybdenum rod (99.9 percent purity) and prepared by the 
following procedure: 
a. All irregularities were removed from the 
surface with a No. 150 grit belt surfacer. 
b. The surface was polished with a four-stage 
(240, 320, 400, and 600 abrasive) water-flushed surfacer. 
c. The sample was rinsed with distilled water. 
d. The sample was washed in an ultrasonic 
cleaner for several minutes. 
e. The sample was etched for a few minutes in 
dilute nitric acid. 
f. The sample was rinsed with distilled water 
again and placed in a desiccator for drying (see Figure 
2). 
3. Procedure. Approximately three hundred milli-
liters of electrolyte were poured into the electrolytic 
cell. The cell was placed in the constant temperature 
water-bath so that the solution it contained was com-
pletely submerged. The dried molybdenum specimen (from 
the above section) was weighed and mounted in a teflon 
holder (see Figure 3). It and the platinum cathode were 
placed into their respective compartments of the cell 
11 


















C Teflon holder 
D Molybdenum specimen 
c 
Diagram of the teflon holder 
used for the apparent valence measurements. 
12 
and prepurified nitrogen bubbled through the electrolyte 
for stirring and to provide an inert atmosphere. 
To begin an experiment, the knife-blade switch was 
closed and the current adjusted to a desired value with 
the resistance box. The timer and ammeter were used to 
measure the total coulombs passed during the experiment. 
At the end of the run, the molybdenum sample was removed 
from the cell, rinsed with distilled water, and washed 
in the ultrasonic cleaner to remove any surface films. 
It was rinsed again, dried, and reweighed to determine 
the weight-loss during the electrolysis. 
4. Data and results. The results of the experi-
ments are listed in Appendix C. The electrolytes in-
eluded 1.0 N HN0 3 , 0.1 N HN0 3 -0.9 N KNG 3 , 
and 0.01 N 
HNO -0.99 N KNO . 
3 3 
They contained amounts of HN0 3 and 
KNo
3 
to give solutions of unit ionic strength. There 
were no significant weight losses of the Mo anode in 
these electrolytes with no current flowing (less than 
0.001 gm in approximately 72 hours). Apparently no 
Mo-VII species were formed during the electrolysis as 
2 
no yellow or red color developed in the anolyte . 
13 
l4 
Reducing the anolyte with snc1 2 caused a blue color 
(molybdenum blue) to develop. This indicated the Mo 
species in the anolyte to be Mo-VI. A summary of the 
results for each electrolyte follows. 
a. 1.0 N HN0 3 (pH= 0.3). The pH of this 
electrolyte remained constant during the electrolysis. 
The apparent valence measurements were made at current 
densities ranging from 0.003 to 0.075 amp/cm2 . Data for 
these runs are shown in Table IV, Appendix C. The va-
lences have been plotted as a function of current density 
in Figure 4. They varied from 5.64-5.73. A dark blue 
film gradually formed on the molybdenum surface during 
the electrolysis. The electrolyte remained colorless at 
low current densities but became blue at the higher 
values. A sample from the film on the molybdenum surface 
was collected and analyzed using X-ray diffraction tech-
niques. The results are shown in Table II. Only three 
d-lines could be found for the film formed at low current 
densities. It appeared to be the ~-phase oxide according 
6 
to data reported by Pozdeeva . The films formed at 
higher current densities were too amorphous for identi-
fication. The Mo surface after the electrolysis is 
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Figure 4o Effect of current density on 
the apparent valence of molybdenum during anodic 
dissolution. (0 I l. 0 N HN03 1 /).I 0. 1 N HNO 3-
0 0 9 N KNO 3 ; D I 0 . 01 N HNO 3 -0 . 9 9 N KNO 3 ) 0 
TABLE II 
X-RAY DIFFRACTION DATA FOR ANODIC FILMS 
IDENTIFIED AS ~-PHASE MCLYBDENUM OXIDE 
d* Film A** Film B*** 
Measured e d calc Measured e d calc 
~ 0 0 A degrees A degrees A 
1.94 23.40 1.94 23.98 1.90 
1.59 28.75 1.60 29.28 1.57 
1.44 ----- ---- 32.71 1.45 
1.36 36.10 1.31 ----- ----
Radiation: Cu, 1\.= 1.542 
0 (Powder Camera). A 
*A. A. Pozdeeva, Corrosion Science£, 153 (1966). 
** Galvanostatic run at 0.030 amp/cm2 in 1.0 N HN0 3 for 
5 hours. Sample (blue film) was collected from the 
electrode for analysis. 
*** 
2 Galvanostatic run at 0.030 amp/em in 0.1 N HNo 3 -
0.9 N KNo
3 
for 5 hours. Sample (blue film) was col-
lected from the electrode for analysis. Analysis of 
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b. 0.1 N HN0 3 -0.9 N KN0 3 (pH= 1.2). The 
current densities for the dissolution in this portion 
were varied from 0.003- 0.10 amp/cm2 • The apparent 
valences were approximately 6 (see Figure 4). The data 
are shown in Table V, Appendix C. Dark blue films were 
formed on the surface which gradually thickened and 
turned a white or light brown color. This outer layer 
was loosely formed and could be washed off with distilled 
water. It spalled off at high c.d.•s. No pitting of the 
metal underneath the film was found. The cleaned molyb-
denum surface after anodic dissolution at a current 
density of 0.030 amp/cm2 is shown in Figure 6. The 
electrolyte was colorless at low but became light brown 
at high c. d. • s. The electrolyte pH did not change during 
the electrolysis. Data from the X-ray diffraction ana-
lyses are shown in Table II. Again only three d-lines 
could be found. They indicated the film to be ~-phase. 
c. 0.01 N HNO -0.99 N KNO (pH= 2.1). 3 3 In 
this electrolyte, the Mo electrode was dissolved anodi-
cally at current densities varying from 0.003 to 0.075 
2 
amp/em . The data are shown in Table VI, Appendix C. 
The apparent valences were very close to 6 (see Figure 
19 
F 66 sur a, r 
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20 
4). White and light brown films were again formed as an 
outer layer with a blue inner layer. No X-ray analysis 
of the outer films could be obtained due to the amorphous 
nature. The electrolyte remained colorless and clear at 
low c.d.'s, but turned light brown at higher values. The 
Mo surface after anodic dissolution is shown in Figure 7. 
5. Apparent valence calculations. The method for 
calculating the apparent valences was the same for all 
electrolytes. It is based on the use of Faraday's law 
to determine the theoretical weight loss of molybdenum. 
I t A 
n F 
Using data for the anodic dissolution 
0.9 N KNo 3 (Table V), 
w = {0.010~ {36LOOO~ ~95.94~ c {96,486) ( 6) 
but, ziwe = nW c 
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B. The Polarization Behavior of the Molybdenum Electrode 
in Nitrate Solutions 
1. Anodic polarization. 
a. Apparatus. The apparatus used in this 
portion was similar to that for the apparent valence 
studies except a circuit was included for determining the 
potential of the Mo anode. The reference electrode, 
standard potential 0.67 volts (SHE) at 25°c, was 
Hg/Hg2 so4 (1 N H2so4 ), and was connected to the anode 
through a Luggin capillary and a salt bridge. An ammeter 
was also included in the anode-cathode circuit as a check 
on the current readings. The polarization measurements 
were made potentiostatically. The rest potentials and 
individual points in the Tafel region of the polarization 
curves were reproducible within+ 10 mv. A diagram of 
the apparatus arrangement is shown in Figure 8. The 
cell temperature was controlled at 25 + 0.1°C with a 
water-bath. 
b. Sample preparation. The molybdenum speci-
men was mounted in a teflon holder as shown in Figure 9. 




c Strip chart recorder 
D Nitrogen inlet 
E - Molybdenum anode 
F Reference electrode 
G - Constant temperature water-bath 
H - Electrolysis cell 
I - Platinum cathode 






Figure 8. Diagram of the apparatus used for the 
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Figure 9. Diagram of the teflon holder for the 
polarization of molybdenum in nitrate solutions. 
apparent valence studies except that the specimen re-
mained in the holder during the polishing process. It 
was etched in dilute nitric acid for a few minutes 
before each run. 
c. Procedure. The initial portion of this 
25 
procedure was similar to that for the apparent valence 
studies. When the molybdenum anode had reached a steady 
potential (rest potential) without current flowing, a 
predetermined potential more positive than the rest 
potential was impressed on it with the potentiostat until 
the current approached a steady value (less than 10 % 
change per hour). The potential was then increased to a 
higher value and the process repeated. This procedure 
was continued until the desired potential region had been 
covered or the limit of the potentiostat reached. 
d. Data and results. Polarization measure-
ments were made in the same solutions as the apparent 
valence measurements, as well as in concentrated nitric 
acid (3 and 10 N), and in 1.0 N HNo 3 with additions 
of potassium phosphate, potassium permanganate, and 
potassium dichromate. All the potentials are referred 
to the standard hydrogen electrode (SHE) at 25°c. The 
Tafel slopes and rest potentials have been summarized 
26 
in Table III. A brief description for each of the elec-
trolytes follows: 
(1) 1.0 N HNo 3 (pH= 0.3). The results 
for this section are listed in Table VII, Appendix c. 
The rest potentials varied from 0.42 to 0.43 volts. A 
linear Tafel region was found between 0.44 and 0.57 volts 
with a slope of about 0.055 volts. The highest potential 
that could be obtained using the potentiostat was 0.97 
volts. A dark blue film formed on the electrode surface 
which appeared to thicken with increasing current densi-
ties. The color of the electrolyte became blue during 
the electrolysis. The polarization curve is shown in 
Figure 10. 
(2) 0.1 N HN0 3 -0.9 N KN03 (pH= 1.2). 
The data are shown in Table VIII, Appendix C and the 
polarization curve is in Figure 10. The rest potentials 
varied from 0.34 to 0.345 volts. The electrolyte pH did 
not change during the polarization. A dark brown 
{amorphous) film formed on the anode surface during these 
27 
TABLE III 
TAFEL SLOPES AND REST POTENTIALS FOR THE 
ANODIC DISSOLUTION OF MOLYBDENUM AT 25 °C 
Electrolyte pH Rest Potential Tafel Slope 
volts (SHE) volts 
1.0 N HN03 0.3 0.42 0.055 
0.1 N HNo3 -0.9 N KN03 
1.2 0.33 0.066 
0.01 N HNo3 -0.99 N KNo3 
2.1 0.30 0.062 
1.0 N HNO -0.01 M K 3Po4 
0.3 0.33 -----
3 
1.0 N HN03 -0.0l M K 2cr2o 7 
0.3 0.56 -----
1.0 N HNo3 -0.0l M KMno4 
0.3 0.53 -----
3 N HNo3 
0.51 0.053 























Figure 10. Polarization curves of molybdenum 
at 25°C. (open symbolsz anodic polarization, 
closed symbols& cathodic polarization). 
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studies. The linear portion of the Tafel curve was 
included between 0.40 and 0.50 volts. The slope was 
0.066 volts. 
(3) 0.01 N HNo3 -0.99 N KNo3 (pH= 2.1). 
The data from this study are shown in Table IX, Appendix 
C, and have been plotted in Figure 10. No significant 
changes in pH occurred during the electrolysis. The rest 
potentials varied from 0.29 to 0.31 volts. A dark brown 
film again formed on the anode during the polarization 
period. The Tafel slope was 0.062 volts and was con-
tained in the region 0.35 to 0.48 volts. 
(4) 3 N HNo3 • When the molybdenum anode 
was immersed in 3 N HNo3 , gas (hydrogen) was immediately 
evolved from the surface. For an electrode with a sur-
2 face area of 3.14 em 1 about 0.45 gm of the metal dis-
solved in 10 hours (self-dissolution). The data from 
this experiment are shown in Table X, Appendix C and the 
semi-logarithm plot of current density vs. potential plot 
is shown in Figure 10. The rest potential was 0.51 
volts. The electrolyte turned from colorless to light 
brown at high current densities. A dark brown film was 
again formed on the Mo surface. 
(5) 10 N HNo3 • The current densities 
for the anodic dissolution in 10 N HNO ranged from 
3 
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2 0.033 to 0.20 amp/em • The molybdenum dissolved sponta-
neously) very rapidly and was accompanied by the evolu-
tion of a yellow gas (No 2 ). An electrode with a surface 
area of 3.14 cm2 lost about 6.25 gm in three hours. The 
results of this study are shown in Table XI, Appendix c 
and the polarization curve is shown in Figure 10. The 
rest potential was 0.79 volts. A pale yellow precipi-
tate was formed during the polarization. Increases in 
potential of about 0.91 volts resulted in decreasing 
current. 
(6) 1.0 N HNo 3 -0.0l M K3Po4 (pH= 0.3). 
The rest potential ranged from 0.32 to 0.34 volts. Data 
from these experiments are in Table XII, Appendix c. 
The polarization curve is shown in Figure 11. A gas was 
observed to evolve from the anode at a potential of 0.77 
volts. 
(7) 1.0 N HNo 3 -0.0l M KMno4 (pH= 0.3). 
The results of these experiments are shown in Table XIII, 
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Figure 11. Polarization curves of molybdenum 
at 25°C. (open symbols: anodic polarization, 
closed symbols: cathodic polarization). 
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purple and then colorless by the time the potential had 
been increased up to 0.68 volts. No gas was observed at 
the anode. A dark brown precipitate was formed. 
Data from this portion are tabulated in Table XIV, Appen-
dix c. The polarization curve is shown in Figure 11. 
The rest potential in this electrolyte was 0.56 volts. 
A dark brown precipitate was formed on the anode. The 
color of the electrolyte changed from orange to brown 
during the experiment. 
e. Sample calculations. The potentials were 
calculated with the relation, 
E = E - E = E - E m + - ref Mo (9) 
2. Cathodic polarization. 
a. Apparatus. The apparatus was the same as 
described in the previous section. 
b. Sample preparation. The same method was 
used as described in the previous section. 
c. Procedure. The procedure for this study 
was similar to that described previously except that the 
Mo electrode was the cathode and the measurements were 
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made with decreasing potential. 
d. Data and results. Polarizations of the 
Mo cathode were carried out in 1.0 N HNo 3 (also with 
KMno 4 addition) and in HNo 3 -KNo3 mixtures. A brief 
summary for each electrolyte follows. 
(1) 1.0 N HN03 (pH= 0.3). The rest 
potentials were the same as for the anodic polarization 
experiments. The data are tabulated in Table XV, Appen-
dix c and also have been plotted in Figure 10. The 
2 
current density was varied up to 0.055 amp/em . When 
the potential approached -0.23 volts, hydrogen could be 
seen evolving. once hydrogen evolution had begun, the 
current density increased more rapidly with potential 
than before. A very thin dark film formed on the molyb-
denum surface during the polarization. 
(2) 0.1 N HN03 -0.9 N KN03 (pH= 1.2). 
The data for this section are listed in Table XVI, 
Appendix c. The current density-potential plot is shown 
in Figure 10. Hydrogen evolved visually from the cathode 
at -0.23 volts. A thin dark film formed on the molyb-
denum surface. 
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(3) 0.01 N HNo3 -0.99 N KNo3 (pH= 2.1). 
The results of this portion are listed in Table XVII, 
Appendix c. The current density-potential plot is shown 
in Figure 10. The current densities were very low com-
pared to the solutions of lower pH. Hydrogen could be 
seen evolving from the Mo cathode when the potential 
approached -0.33 volts. The dark, thin film again formed 
on the Mo surface. 
(4) 1.0 N HN03 -0.0l M KMno4 (pH= 0.3). 
The polarization data are listed in Table XVIII, Appen-
dix C and plotted in Figure 11. The current densities in 
2 this study varied up to 0.11 amp/em . When the potential 
was close to -0.28 volts, the upper portion of the 
anolyte turned from the original purple to colorless. 
Hydrogen evolved at -0.34 volts. 
3. Potential decay studies. The procedure was to 
obtain the rest potential (without current flow), impress 
a desired anodic potential with the potentiostat for one 
hour, then stop the current and follow the potential 
variation with time until the rest potential was re-
established. 
a. 1.0 N HNo3 {pH= 0.3). The same apparatus 
was used in these studies as in the polarization studies. 
Three different potentials 0.52, 0.67, and 0.77 volts 
(SHE) were used for the polarizations. The results are 
listed in Table XIX, Appendix C, and the decay plot 
(time vs. potential) is shown in Figure 12. The dark 
blue film again formed during this electrolysis and 
remained on the surface during the entire depolarization 
period. 
b. 0.1 N HNo3 -0.9 N KN0 3 (pH= 1.2). These 
data are shown in Table XX, Appendix C, and plotted in 
Figure 12. No gas evolved at the anode. Potential 
decays from 0.52, 0.67, and 0.77 volts were followed 
until the rest potential was re-established. The dark 
brown film formed during the polarizations and remained 
on the surface. 
c. 0.01 N HN0 3 -0.99 N KNo 3 (pH= 2.1). Polar-
ization potentials of 0.52, 0.67, and 0.77 volts were 
again used for these experiments. The results are listed 
in Table XXI, Appendix C and plotted in Figure 12. The 
dark brown film was again formed during the polarization 
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Figure 12. Potential decay curves for the anodic 
polarization of molybdenum at 25°C. (- , rest poten-




The apparent valences of molybdenum determined from 
these studies varied from 5.6 to 6.1 for current densi-
-3 -1 2 
ties ranging from 10 to 10 amp/em . The behavior 
was somewhat erratic with pH and current density, but in 
general, the valences approached a value of +6 under 
conditions where the relative rate of local corrosion 
would be minimized, i.e., at the higher pH's and current 
densities. These valences and self-dissolution behavior 
are consistent with a metal whose corrosion resistance 
is due to a protective film that becomes increasingly 
soluble with increasing acid concentration. The behavior 
is such that no impressed potential is necessary for dis-
solution to occur in 3 and 10 N HNo 3 . It follows that 
the predominant overall reaction is 
Mo (s)---. Mo-VI (aq) + 6 e (10) 
The efficiency of this reaction nears 100 per cent in 
solutions of pH 1.2 and 2.1. 
It has been postulated that molybdenum might dis-
2 
solve as Mo-III at low potentials . In 1.0 N HN0 3 , this 
would include the region from -0.20 to 0.42 volts. An 
38 
examination of the rest potential, potential decay, and 
cathodic polarization data shows that the Mo anode does 
not have any tendency to assume potentials in this region 
and actually a cathodic current results when it is 
potentiostated in this region. The species in solution 
resulting from Mo dissolution were shown to be Mo-VI, 
- 1,2 
most probably HMoo4 . Thus, considering this and the 
valence measurements, the overall reaction can be written 
+ Mo(s) + 4 H2o(aq)---. HMoO~(aq) + 7 H (aq) + 6 e (11) 
The proximity of the rest potential to the 
Mo 2o 5;H2Moo4 couple (see Figure 13) and the identifi-
cation of the surface film as the ~-oxide suggest, as in 
the case of Chen8 and Chi9 , that (1) Mo very rapidly 
forms a protective film of Mo 2o5 that completely covers 
its surface, and (2) the polarization parameters are due 
to the further electrochemical oxidation of this film by 
the reaction 
The overall process is completed by the dissolution of 
H2Moo4 by the electrolyte, 
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Figure 13. observed rest potential of molybdenum 
anode compared with standard potentials of molybdenum 
and several molybdenum compounds at 25°C. (0, data 
observed by Chen (8)~~, data observed by Chi (9)7 












As the anodic dissolution occurred with high current 
efficiencies in nitrate solutions of pH 0.3 to 2.1, the 
Tafel slopes (0.053 to 0.066 volts or 2.3 RT/F) and pH 
effect (~log i/apH = 0) are parameters of the electro-
chemical dissolution mechanism. These are also similar 
to those observed for Mo in acid sulfate solutions8 and 
the same mechanism appears applicable, i.e., 
+ 2 Mo ( s) + 5 H 2 0 ( aq) - 2 Mo 2 o 5 ( s) + 10 H ( aq) + 10 e (13) 
( 1) 
r.d.s. (2-5) 
+ -H2Moo 4 (s)- H (aq) + HMoo 4 (aq) (6) 
This mechanism includes the formation of surface inter-
mediates such as Mo 4o11 , Mo8o 23 , etc., that result from 
8 
oxygen bridging of Mo 2o5 species . It is consistent 
with the ~-phase oxide (MoO ) identified on the sur-2.87 
face and the effect of chromate and permanganate ions 
that promote formation of surface oxides. These oxi-
dizing ions give a measure of passivity in the poten-
tial region 0.4-0.55 volts by raising the oxidation 
state of the surface to a higher value. 
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However, at higher potentials, the anodic dissolution 
proceeds as usual. The non-oxidizing phosphate additions 
had no effect on the dissolution. 
An inspection of the potential decay curves (see 
Figure 12) after anodic dissolution shows that in some 
cases, the potential did not return to the initial "rest" 
value. In general, the subsequent rest potentials were 
more noble (positive) than the initial values. The more 
positive values are also associated with the polarizations 
at the more positive potentials. They are not consistent 
with any reported potentials for molybdenum oxides 
(Mo 2o 5 , Moo3 , etc.), but are in a region that would be 
associated with the reactions 
MoOx(s) -H2Moo 4 (s) (14) 
with x = 2.65-2.87, i.e., for the Y- and ~-oxides. This 
results in the films formed in pH 1.2 and 2.1 electro-
lytes at the highest potentials being the most stable. 
This would also be consistent with the decreased film 




The following is a list of the major materials used 
in this investigation. 
1. Nitric Acid. Reagent grade, meets ACS specifi-
cations. Mallinckrodt Chemical Works., New York. 
2. Potassium Nitrate. Reagent grade, meets ACS 
specifications. J. T. Baker Chemical Co., Phillipsburg, 
New York. 
3. Sulfuric Acid. Reagent grade, meets ACS speci-
fications. Fisher Scientific Co., Fairlawn, New York. 
4. Tin(II) Chloride. Reagent grade, meets ACS 
specifications. Fisher Scientific Co., Fairlawn, N. Y. 
5. Potassium Phosphate. Reagent grade, meets ACS 
specifications. Fisher Scientific Co., Fairlawn, N. Y. 
6. Potassium Permanganate. Reagent grade, meets 
ACS specifications. Fisher Scientific Co., Fairlawn, 
New York. 
7. Potassium Dichromate. Reagent grade, meets ACS 
specifications. Fisher Scientific Co., Fairlawn, N. Y. 
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8. Nitrogen. Prepurified grade, Matheson Co., 
Joliet, Illinois. 
9. Molybdenum. 0.5 inch rod, 99.9% purity. 
Typical impurities (ppm): C, 150; o, 360; Al, <10; 
Cu, <10; Co, <10; Cr, <10; Fe, <10; H, <10; N, <10; 





1. Surface Preparation of Molybdenum Specimens. 
a. Belt Surfacer. Buehler No. 1250, Buehler 
Ltd., Evanston, Illinois. 
b. Hand Grinder. Handimet, 4 stages (grit 240 
to 600), Buehler No. 1470, Buehler Ltd., Evanston, Ill. 
2. Electrolysis and Potential Measurements 
a. Power Supply. Model 711A, D.C. regulated 
voltage (0-500 volts), Hewlett-Packard Co., Loveland, 
Col. 
b. Electrometer. Model 610B, Keithley Instru-
ments, Inc., Cleveland, Ohio. 
c. Ammeter. Model 931, Weston Electric Instru-
ment Corp., Newark, New Jersey. 
d. Power Resistor. Model 240C, Clarostat Mfg. 
Co., Inc., Dover, N. H. 
e. Potentiostat. Model 4100, Anotrol Division 
of Continental Oil Co., Ponca City, Okla. 
f. Recorder. Model 7100A, Autograph, F. L. 
Moseley Co., Pasadena, California. 
g. Temperature Controller. Model 115, Pro-
portional Temperature Control, Fisher Scientific Co., 
Fairlawn, N. J. 





















Anode Area = 












l.O 2 em 
Weight-loss of Molybdenum Apparent 
Valence 
gm (calc) gm (expt) 
0.0644 0.0666 5.68 
0.0501 0.0532 5.65 
0.0477 0.0506 5.66 
0.0477 0.0507 5.64 
0.0477 0.0500 5.72 
0.0895 0.0948 5.66 
0.0895 0.0940 5.70 
0.0895 0.0937 5.72 
0.0895 0.0935 5.73 
TABLE V 





o. 030 18,000 





Anode Area = 1.0 em 2 
Weight-loss of Molybdenum Apparent 
Valence 
grn (calc) grn (expt) 
0.0877 0.0887 5.87 
0.0597 0.0598 5.99 
0.0895 0.0918 5.85 
0.0895 0.0905 5.93 
0.1790 0.1799 5.97 
0.0895 0.0889 6.04 
0.0895 0.0898 5.97 
0.2386 0.2422 5.91 
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TABLE VI 











Anode Area 1.0 2 = ern 
Weight-loss of Molybdenum Apparent 
Valence 
grn (calc) grn (expt) 
0.0841 0.0873 5.86 
0.0877 0.0888 5.87 
0.0716 0.0714 5.99 
0.0597 0.0602 6.01 
0.0805 0.0790 6.11 
0.0805 0.0793 6.09 
0.0895 0.0882 6.09 




CURRENT-POTENTIAL RELATIONSHIP FOR THE ANODIC DISSOLUTION 
OF MOLYBDENUM IN 1.0 N HNo3 (pH= 0.3) AT 25°C 
Potential Potential I i I i 
volts (NCE) volts (SHE) rna rna rna/crn2 
0.25 0.42 o.ooo 0.000 0.000 0.000 
0.23 0.44 0.042 0.033 0.036 0.028 
0.22 0.45 0.110 0.086 0.101 0.080 
0.21 0.46 0.200 0.157 0.165 0.130 
0.20 0.47 0.24 0.189 0.20 0.146 
0.19 0.48 0.40 0.315 
---- ----
0.18 0.49 0.53 0.418 
---- ----
0.17 0.50 0.92 0.725 ---- ----
0.16 0.51 1.43 1.13 ---- ----
0.15 0.52 ---- ---- 2.0 1.575 
0.14 0.53 3.50 2.76 ---- ----
0.12 0.55 7.60 5.98 ---- ----
0.10 0.57 17.0 13.4 15.0 11.80 
0.07 0.60 19.8 15.6 ---- ----
0.05 0.62 ---- ---- 19.0 14.95 
0.04 0.63 24.5 19.3 ---- ----
0.00 0.67 30.5 24.0 32.0 25.20 
-0.05 0.72 42.0 33.1 40.0 31.50 
-0.10 0.77 64.5 50.8 42.0 33.10 
-0.15 0.82 92.0 72.5 ---- ----
-0.20 0.87 225.0 177.1 120.0 94.50 
-0.30 0.97 ---- ---- 250.0 197.0 
Anode Area = 1.27 cm2 
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TABLE VIII 
CURRENT-POTENTIAL RELATIONSHIP FOR THE ANODIC DISSOLUTION 
OF MOLYBDENUM IN 0.1 N HNo3 -0.9 N KNo3 (pH= 1.2) AT 25°C 
Potential Potential I i I i 
volts (NCE) volts (SHE) rna rna 
0.33 0.34 0.000 0.000 0.000 0.000 
0.28 0.39 0.013 0.0103 ----
0.27 0.40 ---- ---- 0.03 0.0236 





0.24 0.43 0.074 0.0582 ---- ----
0.23 0.44 ---- ---- 0.175 0.138 
0.22 0.45 0.140 0.110 ---- ----
0.21 0.46 ---- ---- 0.34 0.268 
0.19 0.48 0.360 0.284 0.54 0.425 
0.17 0.50 0.590 0.465 0.90 0.708 
0.15 0.52 1.00 0.787 ---- ----
0.13 0.54 ---- ---- 1.80 1.42 
0.10 0.57 1.70 1.34 ----
0.09 0.58 ---- ---- 1.90 1.50 
0.05 0.62 3.80 3.02 3.70 2.91 
o.oo 0.67 12.0 9.45 12.0 9.45 
-0.05 0.72 16.0 12.6 22.5 17.7 
-0.08 0.75 28.0 22.0 ----
-0.13 0.80 ---- 38.8 30.6 
-0.15 0.82 42.0 33.1 ---- ----
-0.18 0.85 ---- 110.0 86.6 
-0.20 0.87 49.0 38.6 ----
-0.25 0.92 101.7 80.1 ---- ----
Anode Area = 1.27 crn2 
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TABLE IX 
CURRENT-POTENTIAL RELATIONSHIP FOR THE ANODIC DISSOLUTION 
OF MOLYBDENUM IN 0.01 N HNo 3 -0.99 N KNo 3 (pH= 2.1) AT 25°C 
Potential Potential I i 
volts (NCE) volts (SHE) rna ma/cm2 
0.36 0.31 0.000 0.000 
0.32 0.35 0.013 0.0103 
0.30 0.37 0.030 0.0236 
0.28 0.39 0.062 0.0487 
0.26 0.41 0.130 0.103 
0.24 0.43 0.17 0.134 
0.21 0.46 0.35 0.278 
0.19 0.48 0.60 0.472 
0.16 0.51 1.00 0.787 
0.11 0.56 2.00 1.57 
0.05 0.62 6.10 4.80 
0.00 0.67 10.0 7.87 
-0.05 0.72 11.0 8.66 
-0.10 0.77 42.0 33.1 
-0.12 0.79 62.0 48.8 
-0.15 0.82 71.2 56.0 
Anode Area - 1.27 cm2 
TABLE X 
CURRENT-POTENTIAL RELATIONSHIP FOR THE ANODIC DISSOLUTION 
OF MOLYBDENUM IN 3 N HN03 AT 25°C 
Potential Potential 







































CURRENT-POTENTIAL RELATIONSHIP FOR THE ANODIC DISSOLUTION 
OF MOLYBDENUM IN 10 N HNo3 AT 25°C 
Potential Potential I i 
volts (NCE) volts (SHE) rna ma/cm2 
-0.12 0.79 0.00 0.00 
-0.13 0.80 42.0 33.0 
-0.15 0.82 98.0 77.0 
-0.17 0.84 115.0 90.6 
-0.19 0.86 190.0 149.5 
-0.21 0.88 210.0 165.0 
-0.23 0.90 260.0 204.5 
-0.25 0.92 250.0 194.0 
-0.28 0.95 200.0 157.5 
-0.31 0.98 210.0 165.0 
-0.35 1.02 230.0 181.0 
-0.40 1.07 200.0 157.5 
-0.50 1.17 160.0 126.0 
-0.60 1.27 96.0 75.60 
-0.70 1.37 81.0 63.80 
-0.80 1.47 66.0 52.10 
-0.90 1.57 60.0 47.20 
-1.00 1.67 57.0 44.90 
-1.10 1.77 56.0 44.10 
-1.30 1.97 53.0 41.70 
-1.50 2.17 51.5 40.60 
-1.80 2.47 48.0 37.80 
Anode Area 1.27 2 == em 
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TABLE XII 
CURRENT-POTENTIAL RELATIONSHIP FOR THE ANODIC DISSOLUTION 
OF MOLYBDENUM IN 1.0 N HNO -0.01 M K PO (pH= 0.3) AT 25°C 
3 3 4 
Potential Potential I i I i 
volts (NCE) volts (SHE) rna rna/crn2 rna 
0.34 0.33 0.0000 0.000 o.ooo o.ooo 
0.32 0.35 0.0075 0.006 0.027 0.021 
0.30 0.37 0.0255 0.020 0.042 0.033 
0.28 0.39 0.048 0.038 ---- ----




0.24 0.43 0.135 0.106 
---- ----
0.23 0.44 ---- ---- 0.15 0.118 
0.22 0.45 0.20 0.158 ---- ----
0.20 0.47 0.33 0.260 0.30 0.236 
0.18 0.49 0.58 0.457 ---- ----
0.16 0.51 1.30 1.02 
---- ----
0.15 0.52 ---- ---- 1.60 1.26 
0.13 0.54 4.20 3.31 ---- ----
0.11 0.56 8.90 7.00 ---- ----
0.10 0.57 ---- ---- 11.5 9.06 
0.08 0.59 25.0 19.7 ---- ----
0.05 0.62 59.0 46.5 55.0 43.3 
0.00 0.67 65.0 51.2 60.0 47.3 
-0.05 0.72 ---- ---- 75.0 59.0 
-0.10 0.77 130.0 102.5 80.0 63.0 
-0.20 0.87 220.0 173.0 165.0 130.0 
Anode Area = 1.27 crn2 
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TABLE XIII 
CURRENT-POTENTIAL RELATIONSHIP FOR THE ANODIC DISSOLUTION 
OF MOLYBDENUM IN 1.0 N HNO -0.01 M KMnO (pH =0.3) 
3 4 
AT 25 °C 
Potential Potential I i 
volts (NCE) volts (SHE) rna 
0.14 0.53 0.00 0.00 
0.13 0.54 1.50 1.18 
0.12 0.55 3.20 2.52 
0.11 0.56 6.00 4. 72 
0.10 0.57 11.0 8.66 
0.08 0.59 25.0 19.4 
0.06 0.61 44.5 35.0 
0.04 0.63 76.0 59.8 
0.02 0.65 130.0 100.3 
0.00 0.67 170.0 134.0 
-0.01 0.68 170.0 134.0 
-0.02 0.69 50.00 39.40 
-0.05 0.72 62.00 48.80 
-0.08 0.75 43.00 33.80 
-0.13 0.80 56.00 44.10 
-0.18 0.85 110.0 86.60 
-0.25 0.92 220.0 173.0 




CURRENT-POTENTIAL RELATIONSHIP FOR THE ANODIC DISSOLUTION 
OF MOLYBDENUM IN 1.0 N HNo 3 -0.0l M K Cr 0 (pH = 0.3) 2 2 7 
Potential Potential I i 
volts (NCE) volts {SHE) rna 
0.10 0.57 0.000 0.0000 
0.09 0.58 0.027 0.0212 
0.08 0.59 7.50 5.900 
0.07 0.60 11.0 8.660 
0.06 0.61 18.5 14.60 
0.05 0.62 73.5 57.80 
0.04 0.63 110.0 86.60 
0.03 0.64 140.0 110.0 
0.02 0.65 175.0 138.0 
Anode Area = 1.27 cm2 
58 
TABLE XV 
CURRENT-POTENTIAL RELATIONSHIP FOR THE CATHODIC 
POLARIZATION OF MOLYBDENUM IN 1.0 N HNO (pH = 0.3) 
3 
Potential Potential I i 
volts (NCE) volts (SHE) rna 
0.25 0.42 0.000 0.0000 
0.28 0.39 0.018 0.0142 
0.32 0.35 0.024 0.0189 
0.36 0.31 0.028 0.0220 
0.40 0.27 0.030 0.0236 
0.45 0.22 0.038 0.030 
0 .so 0.17 0.043 0.034 
0.55 0.12 0.061 0.048 
0.60 0.07 0.090 0.079 
0.65 0.02 0.140 0.110 
0.70 -0.03 0.20 0.158 
0.75 -0.08 0.35 0.276 
0.80 -0.13 0.60 0.472 
0.85 -0.18 0.80 0.630 
0.90 -0.23 1.45 1.14 
0.95 -0.28 3.90 3.07 
0.98 -0.31 7.00 5.50 
1.00 -0.33 11.0 8.66 
1.05 -0.38 24.5 19.3 
1.10 -0.43 43.0 34.8 
1.15 -0.48 70.0 55.1 
cathode Area = 1.27 cm2 
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TABLE XVI 
CURRENT-POTENTIAL RELATIONSHIP FOR THE CATHODIC 
POLARIZATION OF MOLYBDENUM IN 0.1 N HNo3 -0.9 N KN03 
(pH = 1 • 2 ) AT 2 5 °C 
Potential Potential I i 
volts (NCE) volts (SHE) rna 
0.34 0.33 0.000 0.00000 
0.40 0.27 0.003 0.00236 
0.45 0.22 0.005 0.00394 
0.50 0.17 0.007 0.00550 
0.60 0.07 0.009 0.00708 
0.70 -0.03 0.033 0.0260 
0.75 -0.08 0.120 0.0945 
0.80 -0.13 0.130 0.1025 
0.85 -0.18 0.155 0.122 
0.90 -0.23 0.300 0.236 
0.93 -0.26 0.570 0.448 
0.96 -0.29 1.80 1.42 
1.00 -0.33 3.25 2.56 
1.05 -0.38 7.20 5.67 
Cathode Area = 1.27 crn2 
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TABLE XVII 
CURRENT-POTENTIAL RELATIONSHIP FOR THE CATHODIC 




(pH = 2.1) AT 25°C 
Potential Potential I i 
volts (NCE) volts (SHE) rna 
0.37 0.30 0.0000 0.00000 
0.41 0.26 0.0010 0.00079 
0.45 0.22 0.0020 0.00157 
0.50 0.17 0.0025 0.00197 
0.55 0.12 0.0035 0.00276 
0.60 0.07 0.005 0.00394 
0.65 0.02 0.005 0.00394 
0.70 -0.03 0.008 0.0063 
0.75 -0.08 0.011 0.0087 
0.80 -0.13 0.022 0.0173 
0.85 -0.18 0.027 0.0213 
0.90 -0.23 0.049 0.0386 
0.95 -0.28 0.10 0.0787 
1.00 -0.33 0.29 0.228 
1.05 -0.38 0.42 0.331 
Cathode Area 1.27 2 = ern 
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TABLE XVIII 
CURRENT-POTENTIAL RELATIONSHIP FOR THE CATHODIC 
POLARIZATION OF MOLYBDENUM IN 1.0 N HNo
3
-0.0l M KMn04 
(pH = 0 • 3 ) AT 2 5 °C 
Potential Potential I i 
volts (NCE) volts (SHE) rna 
0.14 0.53 0.00 0.00 
0.16 0.51. 1.50 1.18 
0.18 0.49 2.10 1.65 
0.22 0.45 2.60 2.05 
0.27 0.40 2.60 2.05 
0.32 0.35 2.60 2.05 
0.37 0.30 2.40 1.89 
0.42 0.25 2.50 1.97 
0.47 0.20 2.50 1.97 
0.52 0.15 2.80 2.20 
0.57 0.10 2.00 1.58 
0.62 0.05 2.40 1.89 
0.67 0.00 2.90 2.28 
0.72 -0.05 4.00 3.15 
0.76 -0.09 6.50 5.12 
0.80 -0.13 12.0 9.45 
0.85 -0.18 22.0 17.3 
0.90 -0.23 43.0 33.9 
0.95 -0.28 75.0 59.0 
1.00 -0.33 120.0 94.5 
1.03 -0.36 140.0 110.0 
cathode Area 1.27 2 = ern 
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TABLE XIX 
POLARIZATION DECAY STUDIES FOR A Mo ANODE 
IN 1.0 N HNo3 SOLUTION AT 25°C 
Time Potential Potential Remarks 






























































POLARIZATION DECAY STUDIES FOR A Mo ANODE 
IN 0.1 N HN03 -0.9 N KN03 SOLUTION AT 25°C 
Time Potential Potential 
hrs volts (NCE) volts (SHE) 
0.0 ----
4.0 0.33 0.34 
5.0 0.15 0.52 
5.0+ 0.29 0.38 
5.5 0.31 0.36 
6.0 0.32 0.35 
7.0 0.33 0.34 
28.0 0.33 0.34 
o.o ----
4.0 0.33 0.34 
5.0 o.oo 0.67 
5.0+ 0.28 0.39 
5.5 0.29 0.38 
7.0 0.31 0.36 
9.0 0.32 0.35 





































POLARIZATION DECAY STUDIES FOR A Mo ANODE 
Time Potential Potential Remarks 
hrs volts (NCE) volts (SHE) 
0.0 ---- ----
4.0 0.38 0.29 Rest Potential 
5.0 0.15 0.52 Polarization Potential 
5.0+ 0.27 0.40 Polarization Ceased 
5.5 0.33 0.34 
6.0 0.34 0.33 
7.0 0.35 0.32 
28.0 0.35 0.32 
0.0 ---- ----
4.0 0.38 0.29 Rest Potential 
5.0 0.00 0.67 Polarization Potential 
5.0+ 0.27 0.41 Polarization Ceased 
5.5 0.29 0.38 
7.0 0.31 0.36 
11.0 0.32 0.35 
28.0 0.32 0.35 
0.0 ---- ----
4.0 0.37 0.30 Rest Potential 
5.0 -0.10 0.77 Polarization Potential 
5.0+ 0.21 0.46 Polarization Ceased 
5.5 0.24 0.43 
7.0 0.27 0.40 
11.0 0.28 0.39 
28.0 0.28 0.39 
Anode Area - 1.27 cm2 
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